Macromolecular structures like the bacterial flagellum, in Gram-negative bacteria, must 20 traverse the cell wall. Lytic transglycosylases are capable of enlarging gaps in the 21 peptidoglycan meshwork to allow the efficient assembly of supramolecular complexes. 22
Introduction 32
Motility has given bacteria an evolutionary advantage and is therefore widespread in 33 nature. The assembly of the cell-spanning flagellum is costly for the bacterial cell and is 34 tightly regulated (2, 5). The bacterial flagellum can be divided into three substructures: a 35 basal body that acts as a motor, a filament that acts as a propeller and a universal joint 36 also known as the hook, which links the basal body and the filament. The electrochemical 37 gradient drives rotation of the motor that generates the thrust needed to propel the 38 bacterial cell. Biogenesis of the bacterial flagellum requires the hierarchical expression of 39 more than 50 genes and the assembly of this structure proceeds outwardly from proximal 40 to distal (6, 22, 34). The basal body is composed in Gram-negative bacteria of an axial 41 rod and three ring-like structures named MS, P and L rings. The MS ring is embedded in 42 the cytoplasmic membrane and interacts with the C ring that houses the export apparatus, 43 acts as a switch and interacts with the stator proteins (28, 40). The rod is a heterogeneous 44 filamentous structure composed by four proteins, FlgB, FlgC, FlgF and FlgG (14). The P 45 and L rings are attached to the peptidoglycan (PG) layer and outer membrane 46 respectively and also surround the axial rod. At a certain point in the assembly process, 47 the PG layer, a mesh-like structure of glycan chains of alternating N-acetyl muramic acid 48
and N-acetylglucosamine cross linked by inter-peptide bonds (36) , that has an average 49 mesh diameter of ca. 4 nm (23), must be penetrated by the rod which has a diameter of 50 ca. 11 nm (33). FlgJ which is required for rod assembly (19), in beta-and gamma-51 proteobacteria, has a dual function, acting as a scaffold for rod assembly and also as a 52 muramidase degrading the PG layer to facilitate rod penetration (13, 27 Protein export analysis. Two versions of the wild-type sltF gene were amplified by 122 PCR; one containing the export signal sequence and the other lacking it. For this purpose 123 the following oligonucleotides were used, sltFfwsec+, or sltFfwsec-and sltFrv as reverse. 124
Both products were cloned in pIND4 plasmid and introduced into a ∆sltF mutant. 125
Proteolysis of the exported protein was carried out as follows. Cell cultures of 15 ml were 126 grown aerobically at 30 o C to an OD 600 of 0.35. At this point 1mM IPTG was added and 127 growth continued for 3 h. Harvested cells were washed two times with 5 ml of a buffer 128 containing 10 mM Tris-Cl pH 8.0 and suspended in 0.3 ml of a buffer containing 100 129 mM Tris-Cl pH 8.0, and 20% sucrose. Cells were divided in two aliquots both were 130 treated with lysozyme (100 µg/ml) and ethylenediaminetetraacetic acid (EDTA) (10 mM) 131
for 5 min at 37 o C. To one of the vials 1.5µl of a stock solution of proteinase K (10 132 mg/ml) was added. The tubes were incubated for 15 min at 37 o C and the reaction arrested 133 by the addition of 1.5 µl of a 1mM solution of phenylmethylsulfonylfluoride (PMSF). 134
Samples were analyzed by western blot as described previously (20) . 135
SltF stability assays. Wild type and mutant strains expressing the truncated versions of 136
SltF were grown at 30 o C to an OD 600 of 0.35. At this point IPTG (1 mM) was added and 137 growth continued for 1 h. RNA synthesis was arrested by addition of Rifampicin from a 138 stock solution (50 mg/ml) to a final concentration of 800 µg/ml. Growth was continued 139 and samples were taken at different times and analyzed by western blot. The density of 140 Muramidase activity assays. A technique known as zimodot or lisoplates was used to 151 determine muramidase activity. Petri dishes filled with soft 1% agarose containing a cell 152 lysate from Micrococcus lysodeikticus used as substrate at a concentration of 50 mg/ml in 153 phosphate buffer (50mM NaH 2 PO 4 , pH 6.5) as described in (37). The lisoplates were 154 inoculated with 20 μg of protein and incubated for 12 h at 30 o C. 155
Immunoprecipitation. Sepharose CL-4B coupled to protein-A (20 μl) (Sigma 156 Chemicals) was incubated with 8μg of anti-SltF gammaglobulins in 1 ml of phosphate 157 buffer (50 mM pH 7.5) for 12 h at 4 o C after which the tube was centrifuged and the 158 supernatant discarded. To evaluate the interaction of SltF, SltFE57A, SltF∆4, SltF∆5, and 159 either to p53 (murine) or to the SV40 large T-antigen; these plasmids were used as a 186 control for positive interaction. As a negative control, the plasmids encoding the fusion 187 AD-T antigen and the plasmid BD-lamin C (human) were co-transformed into strain 188
AH109. 189 190

Results
191
In silico analysis suggests that SltF is secreted to the periplasm via the Sec 192 pathway (8). To obtain experimental evidence to support this prediction, we deleted the 193 nucleotide sequence on the wild-type sltF gene that codes for the Sec export signal 194 peptide. The protein lacking the signal peptide expressed from plasmid pINSltFΔSP, was 195 unable to complement an SltF1 mutant. On the other hand swimming was recovered 196 when the SltF1 mutant was complemented with the wild-type sltF allele (Fig 1A) . We 197 carried out western blot analyses in order to rule out the possibility that, lack of motility 198 in the SltF1 mutant expressing the SltF Sec -protein, was due to a difference in protein 199 concentration. It was found that SltF, with or without the Sec export sequence, is present 200 in equivalent amounts in the cell (Fig. 1B) . We also determined the location of the two 201 versions of SltF by testing the accessibility to proteinase K of SltF, in cells that were pre-202 incubated with lysozyme. We found that the mutant version (SltFΔSP) is preserved intact 203 after the addition of the protease, whereas the wild-type form (SltF), which is exported to 204 the periplasm, is completely degraded (Fig. 1C) . We also carried out cell fractionation 205 experiments that confirmed that SltF is exported to the periplasm whereas SltFΔSP was 206 not (Fig.1D) ; for this experiment, we also verified that both protein versions were soluble 207 in the cytoplasm and hence competent to be exported (data not shown). structures within this domain that could account for protein-protein interactions. We 218 therefore dissected the C-terminal region of SltF by deletion of either the first 24 residues 219 (SltFΔ4), the last 24 residues (SltFΔ5), or the complete removal of the 48 non-conserved 220 residues of the C-terminus domain (SltFΔ6) (Fig. 3A) . The analysis of this region was 221 performed by complementation of SltF1 mutants with each one of the three C-terminal 222 truncated mutant alleles. The three C-terminal deletions were unable restore swimming in 223 soft agar plates (Fig. 3B ). We therefore determined if the three over-expressed and 224 purified C-terminus mutants were catalytically active on lysoplates containing a cell 225 lysate from Micrococcus lysodeikticus. It was found that the three isolated mutant 226 proteins (SltFΔ4, SltFΔ5, and SltFΔ6) showed a similar transglycosylase activity as the 227 wild-type protein (Fig. 3C ). In addition, we observed that these mutant versions of SltF, 228 did not exert a negative dominance effect on the swimming behavior of the wild-type 229 strain (data not shown). determined by means of western blot analyses using specific anti SltF polyclonal 233
antibodies. As shown in figure 3D the presence of either wild-type or mutant SltF was 234 confirmed in the following strains WS8, SltF1/sltF, SltF1/sltFΔ5 and SltF1/sltFΔ6. It 235 should be noted that two of the mutant proteins (SltF1/sltFΔ5 and SltF1/sltFΔ6) are very 236 abundant as revealed by western blot analysis. On the contrary, the deletion of the last 24 237 residues (SltF1/sltFΔ4) renders the protein unstable and was therefore undetectable (Fig.  238   3D ). This finding led us to determine the half-life of the various forms of SltF, i.e. with 239 and without the Sec export sequence, as well as the three C-terminus mutants. The half-240 life of wild-type SltF was evaluated in a strain devoid of the scaffold protein FlgJ. The 241 different versions of SltF were tested in assays where the expression of sltF was induced 242 with IPTG and subsequently arrested by the addition of rifampicin. Table 2 shows that 243 the native SltF protein has an average half-life of 4.62 min, whereas SltF expressed in an 244 flgJ genetic background, showed an average half-life of 7.32 min. On the other hand, the 245 Sec -version of SltF showed an average half-life of 6.42 min, which is longer than the 246 wild type protein. The three C-terminus mutants displayed different half-life values, these 247 ranged from 3.45 min for SltFΔ4, to 11.03 min for SltFΔ5, and 15.8 min for SltFΔ6. It 248 should be noted that the increased stability of SltFΔ5 and SltFΔ6 is consistent with the 249 increased abundance of protein observed for these two mutants in figure 3D . It was also 250 determined that these C-termini mutants of SltF were competent for export to the 251 periplasm (data not shown). either pellet or supernatant fractions of wild type WS8 and SltF1/sltF cells, whereas it 255 was barely detectable in the pellets of SltF1/sltFΔ5 and SltF1/sltFΔ6, and absent in 256 SltF1/sltFΔ4 (Fig. 3E) . 257
It was important to determine if the three SltF C-terminus mutants retained the 258 ability to interact with FlgJ. Therefore we carried out pull-down and yeast double hybrid 259
assays. Figure 4A shows that SltF as well as the three C-terminus mutants (SltFΔ4, 260 Figure 5A shows that SltFE57A is unable to restore motility in an sltF mutant. 277
We also determined the presence of flagellin (FliC) in pellets and supernatants of the 278 strains expressing SltFE57A by western blot analysis (Fig. 5B) . Figure 5C shows that the 283 interaction of either the wild-type or mutant SltF (SltFE57A) with FlgJ is equivalent for 284 the two SltF proteins. 285
Discussion 286
In this work we show that SltF from R. sphaeroides is exported to the periplasm by the 287 SecA pathway. In E. coli and Salmonella, the majority of flagellar proteins are exported 288 by the type III flagellar-specific export system (fT3SS) (24). The exceptions are: the P-289 ring scaffolding protein, FlgA as well as FlgI, and FlgH, which are proteins that conform 290 the P-and L-rings respectively. These proteins are also exported to the periplasm through 291 the SecA pathway (17, 26). It should also be noted that in these bacteria, FlgJ contains 292 the rod-scaffolding domain at the N-terminal region and a muramidase domain at the C-293 terminus; this arrangement allows its exportation by the fT3SS. Analysis of the genome 294 sequence of other bacteria such as, Silicibacter pomeyori, and Bradyrhizobium japonicum 295 has revealed that similarly to R. sphaeroides, flgJ encodes a single domain scaffolding 296 protein (8, 25). In addition, in these species, a gene encoding a putative lytic muramidase 297 is located in a flagellar context (8). These putative muramidases also show a predictable 298 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from signal peptide, suggesting that they could be exported to the periplasm using the SecA 299 pathway. However, not all the genes encoding potential flagellar single domain 300 muramidases contain a coding sequence for a signal peptide, indicating that they are 301 exported either by the fT3SS or through a different export pathway. For example it has 302 been reported, that PleA, the flagellar muramidase of Caulobacter crescentus, is 303 translocated by the ABC pathway (35). 304
The presence of specific muramidases is not restricted to the flagellar system. 305
These enzymes are also required for pili formation and for many of the various secretion 306 systems reported in different bacteria (29). Recently, it was shown that EtgA, the specific 307 muramidase of the type III secretion system of enteropathogenic E. coli (EPEC) is 308 secreted to the periplasm via the Sec-pathway (10). It should be noted that EtgA interacts 309 with EscI (rOrf8) which constitutes part of the inner rod of the injectisome (7). In this 310 respect, muramidases or lytic transglycosylases usually interact with other proteins that 311 could exert a physical constrain to control enzymatic activity, such as occurs with VirB1 312 in the Type IV secretion system which interacts with VirB8, VirB9 and VirB11which are 313 core components of this secretion system (15). 314
In a previous study, we have reported that the purified version of SltF (SltF 315
E57A) did not show enzymatic activity when tested in vitro (lisoplates) (8). On the other 316
hand in this work we show that SltF E57A is unable to complement the ΔsltF mutant 317 strain; however it was still possible to detect a low amount of flagellin in the culture 318 medium, indicating that this mutant protein still retains a low level of activity. In 319 addition, we also show that SltF E57A is still able to interact with FlgJ as wild-type SltF 320 secretion analyzed by western blot analysis. The same strains were grown and 511 fractionated in either pellet (P) or supernatant (SN) and probed using specific 512 gammaglobulins at a 1:10,000 dilution. C) Co-immunoprecipitation assay. Anti SltF 513 gammaglobulins were coupled to Protein-A Sepharose beads and incubated with the 514 indicated proteins. These were detected using HisProbe-HRP at a 1:10,000 dilution as 515 indicated under Materials and Methods. 516 on October 28, 2017 by guest
